Plant K+ channel proteins have been previously characterized as tetramers of membrane-spanning (Y subunit polypeptides. Recent studies have identified a 39-kD, hydrophilic polypeptide that is a structural component of purified animal K+ channel proteins. We have cloned and sequenced an Arabidopsis thaliana cDNA encoding a 38.4-kD polypeptide that has a sequence homologous to the animal K+ channel p subunit. Southern and northern analyses indicate the presence of a gene encoding this cDNA in the Arabidopsis genome and that its transcription product is present in Arabidopsis cells. To our knowledge, this is the first report to document the presence of K+ channel p subunits in plants.
Current models of voltage-gated Kt channels in plants (Jan and Jan, 1994; Schroeder et al., 1994) present the holoenzyme as a tetramer of four similar or identical subunits. These a subunits have a molecular mass of approximately 80 kD and a molecular structure similar to the "Shaker" family of K' channel polypeptides found in a wide range of animal cells (Sussman, 1992) . Analysis of the deduced amino acid sequences of the only two plant K+ channel gene products that have been cloned (KAT1 and AKT1) reveals their molecular structures to be those of a subunit polypeptides, with six membrane-spanning regions, a voltage sensor, and a selectivity filter/pore region, which is the ion conduction pathway (Anderson et al., 1992; Sentenac et al., 1992) . Presumably, four of these a subunits co-assemble in plant cell membranes with their pore regions facing together and inward toward the central core of the protein, which lies on an axis perpendicular to the plane of the membrane (Jan and Jan, 1994; Schroeder et al., 1994) .
A critica1 step in the molecular characterization of these plant (i.e. Arabidopsis tkaliana) K+ channel a subunits is the expression of the mRNA encoding these polypeptides in heterologous systems such as Xenopus laevis oocytes. Only the translation product of the KATl cDNA has been studied in such a system (Schachtman et al., 1992 (Schachtman et al., 1992) . Based primarily on this evidence and complementation of a K+ uptake-deficient mutant strain of yeast (Anderson et al., 1992) , it has been thought that functional plant K+ channels are composed solely of these subunits.
We present preliminary evidence in this report that native plant K' channel proteins likely are composed of a second, or / 3, subunit. Evidence supporting this assertion, as presented in this report, is the cloning and sequencing of a cDNA from an A. thaliana expression library that encodes a polypeptide with a deduced amino acid sequence homologous to the sequences of a recently discovered class of polypeptides expressed in mammalian brain tissue. This class of polypeptides has been shown to be bound tightly to, and co-purify with, K+ channel a subunits isolated from native animal membranes (Scott et al., 1994) . In addition to this biochemical evidence identifying these /3 subunit polypeptides as structural components of native K' channel proteins, functional studies with one member of the /3 subunit family have led to the initial identification of at least one biophysical role that they play in the proper functioning of the Kf channel holoenzyme (Rettig et al., 1994) . To our knowledge, these K+ channel /3 subunit polypeptides have not been known to be present in plants.
MATERIALS A N D M E T H O D S
A GenBank search using the rat KJ31 cDNA sequence identified an Arabidopsis thaliana cDNA fragment (accession No. 218389) as a putative homolog. Oligonucleotide primers 1 and 2 (ATGGATCCACGCTGAGGTTTACGCT and GCGAATTCCACATCAACGTAATCC, respectively) corresponding to the 5' and 3' ends of the 218389 fragment, along with primers 3 and 4 (CATCTCTACCAAGATCT-TCTGG and GAAGATCTTGGTAGAGATGACG, respectively), representing nested interna1 sequences, were synthesized. The DNA template used for primary PCR was 8 X 10' recombinant phage from a directionally cloned A ZAPII cDNA library constructed from A. thaliana Landsberg evecta inflorescences (obtained from the Ohio State University Arabidopsis Resource Center, Columbus, OH) as a template.
Primary PCR was undertaken with primer 1 and the plasmid primer T7 and separately with primer 2 and the plasmid primer T3. PCR with primer 1 yielded a 1.1-kb DNA fragment corresponding to the 3' end of the target cDNA. PCR with primer 2 yielded a 0.45-kb fragment corresponding to the 5' end of the target cDNA. The conditions for a11 PCRs were: 5 p~ primers and 35 repeat cycles of 30 s at 94"C, 1 min at 55"C, and 1 min at 72"C, with a 10-min extension at 72°C for the last cycle prior to halting the reaction at 4°C. Two secondary PCRs were undertaken for reamplification. One secondary PCR used T7 primer, the nested primer 3, and the 1.1-kb product of the primary PCR (which used primer 1) as a template. The other secondary PCR used T3 primer, the nested primer 4, and the 0.45-kb product of the primary PCR (which used primer 2) as a template. The reamplified PCR fragments (0.3 kb for the 5' end and 1.0 kb for the 3' end of the original cDNA) were subcloned and sequenced. Sequence analysis led to the generation of primer 5 (TTGGATCCAACATGCAGTA-CAAGAATCTGG), corresponding to the 5' end of the cDNA, and primer 6 (TCGTCGACTTACCTATATGAT-TCAGGACG), corresponding to the 3' end of the cDNA. Primers 5 and 6 were used for PCR with the original cDNA library to generate a full-length DNA sequence from the target cDNA, which was then cloned and sequenced.
A11 cloning reactions were done as follows. After size fractionation on 1 % agarose gels, bands corresponding to PCR products were excised and purified with GeneClean I1 (Bio 101, La Jolla, CA). Purified DNA was blunt-end ligated into the EcoRV site of pBluescript KS(?) (Stratagene). Strain DHa5 F' competent cells were used as a host for the cloning vector. Dideoxy sequencing was performed under standard conditions using the United States Biochemical Sequenase Kit.
Southern analysis from A. tkaliana (Columbia ecotype) used the method of Dellaporta et al. (1983) for DNA preparation. DNA was restriction enzyme digested with BamHI and electrophoresed on 0.8% agarose gels. DNA was denatured, neutralized, transferred to a nylon membrane, and cross-linked using standard procedures (Southern, 1975) . The full-length cloned PCR product was 32P-labeled with a random-primer kit (Boehringer Mannheim). Prehybridization, hybridization, washing, and autoradiography followed standard protocols (Sambrook et al., 1989) .
RESULTS AND DISCUSSION
Use of the (radiolabeled) mamba snake venom peptide dendrotoxin, a potent K+ channel blocker, led to the firstever purification of a K+ channel protein (Parcej and Dolly, 1989) . Chromatographic purification of the dendrotoxinreceptor K+ channel protein from bovine cerebral cortex synaptic plasma membranes has identified a 39-kD polypeptide as a component of the holoenzyme (Parcej et al., 1992) . A 78-kD polypeptide (the a subunit) was also found to be a component of this K+ channel protein in this work. N-terminal sequencing of the larger of the co-purifying polypeptides (Scott et al., 1990) confirmed that it was a KC channel a subunit; the sequenced portion of this polypeptide was identical with the N-terminal sequence deduced from a cloned cDNA encoding a known Kt channel a subunit.
Further evidence identifying the 39-kD polypeptide as a structural component of K+ channel proteins is as follows. Cross-linking studies (Muniz et al., 1990 ) demonstrated that dendrotoxin bound only to the larger polypeptide (i.e. the a subunit). However, the 39-kD polypeptide was retained along with the a subunit on a dendrotoxin affinity column (Scott et al., 1990) . Monoclonal antibodies raised against the a subunit were found not to immunoreact directly with the 39-kD polypeptide but were able to coimmunoprecipitate the smaller polypeptide along with the a subunit (Muniz et al., 1992) . Although the 39-kD polypeptide was found not to be disulfide linked or covalently bound to the a subunit, the association between the two subunits could not be broken by exposure to a high concentration of salt (Dolly et al., 1994) . Finally, hydrodynamic studies (using Suc gradients) of the dendrotoxmbinding complex purified from bovine cerebral cortex plasmalemma identified the K+ channel protein as composed of four of the 39-kD polypeptides along with four a subunits (Parcej et al., 1992) . Based on this extensive evidence, it was concluded that the bovine brain 39-kD polypeptide was a K' channel p subunit. It is not entirely clear at present what functional role the p subunit from bovine brain plays in the K+ channel protein.
A full-length cDNA encoding the bovine brain / 3 subunit (KJ2) was recently cloned (Scott et al., 1994 ) and used to screen a rat brain cDNA library (Rettig et al., 1994) . Two clones showing sequence homology were identified: rat K,Pl and rat K$2. One of the rat cDNAs, KvP2, encodes a deduced amino acid sequence sharing 99% identity with the 367-amino acid bovine K$2 sequence. The other rat clone, K,Pl, encodes a longer polypeptide (401 amino acids). Figure 1 shows the deduced sequences of rat KJ1 and bovine KvP2. The first N-terminal 72 amino acids of rat KVP1 do not align with the N termini of bovine KvP2 (Fig.  1) or rat K,@2 (not shown). The rest of the K$1 sequence shares 85% amino acid identity with these other P subunits.
It should be noted that Dolly et al. (1994) claimed that the mammalian K t channel P subunits are not related (by sequence comparison) with any other known proteins.
We have identified a cDNA from an A . tkaliana expression library that appears to be a plant homolog to the mammalian brain K' channel /3 subunits. The deduced amino acid sequence of the plant cDNA encoding the K' channel Arabidopsis Beta subunit (KAB1) is shown aligned with bovine K,P2 and rat K,Pl in Figure 1 . The KABl cDNA encodes a polypeptide with 328 amino acids. KABl polypeptide shares 49% sequence identity and 70% similarity (i.e. including conservative substitutions) with bovine K,P2 (Fig. 1) . The nucleotide sequence of the cDNA encoding KABl is shown in Figure 2 . The full-length KABl cDNA contains 1394 bp. The 987-bp open reading frame of this cDNA encodes a 38.4-kD polypeptide. The cDNA has a polyadenylation signal sequence (bp 1359-1364), an inframe stop codon upstream from the start codon (bp -35 to -33), and a Kozak consensus sequence at the correct position relative to the ATG start codon (Fig. 2) . Analysis of the deduced KABl amino acid sequence leads to some preliminary structural information about the KABl gene product. Hydropathy analysis of mammalian brain K + channel /3 subunits (Rettig et al., 1994; Scott et al., 1994) indicates that they are hydrophilic polypeptides with no membrane-spanning regions. Mammalian /3 subunits were also found in these studies not to contain any potential N-glycosylation sites, but they had numerous phosphorylation sites. Accordingly, in vitro studies demonstrated that the bovine /3 subunit could be phosphorylated in the presence of protein kinase A, and the native /3 subunit was found not to be glycosylated in vivo (Scott et al., 1994) . Because of their hydrophilic nature, their capacity to be phosphorylated, and the absence of glycosylation or membrane-spanning regions, mammalian /3 subunits are currently thought to reside in the cytoplasm, where they interact with the cytoplasmic portion of the membranetraversing a subunits. Even though the KABl gene product shares substantial homology with mammalian /3 subunits (Fig. 1) , there are some significant differences. KABl has 8 phosphorylation sites (Fig. 1 ) but retains only 3 of the 13 (Rettig et al., 1994) mammalian | 3 subunit phosphorylation sites. Hydropathy analysis (Fig. 3) of KABl indicates an overall hydrophilic nature. However, amino acids 261 to 287 contain no charged side chains. This string of 27 amino acids in the KABl sequence could, therefore, be a membrane-spanning section of the polypeptide. It is intriguing that KABl has two potential glycosylation sites (Fig. 1 ) near this putative membrane-spanning region.
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Further work suggested that the KABl gene product is a likely constituent of plant (at least Arabidopsis) cells. Southern analysis with radiolabeled KABl cDNA indicated the presence of a coding sequence(s) homologous to KABl in the Arabidopsis genome (Fig. 4) . Northern analysis, again with KABl as a probe, of poly(A + ) RNA isolated from Arabidopsis seedlings indicated the presence of KABl-homologous mRNA (data not shown).
The identification of a K + channel /3 subunit in plants most certainly raises more questions than are answered by the work presented in this report. The primary issue of functionality is left unresolved. However, recent studies (Rettig et al., 1994) work, co-expression of K v /31 with the K + channel a subunit RCK1 in Xenopus oocytes altered the gating characteristics of RCK1-induced currents. RCK1 had been previously thought to be a delayed-rectifier type of voltage-gated K + channel. Co-expression of K v j31 with RCK1 transformed the induced currents into those representative of another subclass of voltage-gated K + channels, i.e. fast-inactivating A type. These results led to the hypothesis that /3 subunit polypeptides (at least K v /31) act as a "ball-and-chain" mechanism, with the "ball" physically occluding the ion conduction pathway formed by the pore regions of four a subunits. As shown by Rettig et al. (1994) , delayed-rectifier currents expressed by cloned a subunits do not deactivate (the channel stays open) for relatively long periods (20% current decay after 10 s for RCK1). Co-expression of K v j31 results in a 5-ms half-time for deactivation of RCK1. Rettig et al. (1994) noted that numerous studies of native membranes have documented the presence of A-type voltagegated K + channels but that the majority of cloned K + channel a subunits display noninactivating currents upon expression. They postulated that the "standard" configuration of A-type channels in vivo includes /3 subunits. It is intriguing for us to note that the only plant a subunit cDNA expressed in Xenopus oocytes displayed delayedrectifier, noninactivating currents. In a recent review, Schroeder et al. (1994) alluded to the notion that K + channels in plants serve very different functions than in animal cells, i.e. in plants they should be designed for long-term K + influx. They went on to postulate that it is sensible that plant K + channels lack an inactivation mechanism. However, patch/clamp studies of native plant K + channels do show voltage-dependent inactivation (Schauf and Wilson, 1987) . Documentation of the presence of a K + channel ft subunit in plant cells as presented in this report raises the possibility that more research may be required to resolve the overall structure and inactivation properties of native plant K + channel proteins. Further work presented by Rettig et al. (1994) demonstrated that the extreme N-terminal portion of K v j31 was critical for a subunit inactivation; this section of K v |31 is absent from rat K v |32, bovine K v /32, and the KAB1 sequence presented here. Co-expression of rat K v /32 did not alter inactivation profiles of K + channel a subunits (Rettig et al., 1994). Our KAB1 sequence is similar to bovine and rat K v j32. It is unclear, therefore, whether rat and bovine K v /32 and KAB1 act in vivo to affect gating of K + channel a subunits. However, even though the role KAB1 plays as part of K + channels in vivo remains unresolved, it is unequivocally homologous to bovine K v j32 (Fig. 1) 
